Some equilibriumdialysis determinations of free thyroxine (T4) vary directly with thyroxine-binding globulin (TBG) concentration. This apparent TBG dependence has been limited to methods involving radiolabeled T4 added to the dialysis system (tracer dialysis). In this study we compared tracer dialysis with direct dialysis for determining free T4 and obtained the following results (mean ± SD) for patients with hypothyroxinemia of nonthyroidal illness (23.8 ± 10.7 vs 24.2 ± 10.9 pmol/L, P >0.8), patients with congenital TBG deficiency (11.4 ± 2.2 vs 16.2 ± 7.1 pmol/L, P >0.05), normal control subjects (32.7 ± 6.5 vs 18.5 ± 5.8 pmol/L, P <0.001), and pregnant women (31.2 ± 8.7 vs 12.1 ± 2.6 pmolIL, P <0.001). Direct dialysis determinations were independent of TBG and total T4. Tracer determinations were greater than direct determinations in normals, a discrepancy that increased in pregnancy. Tracer determinations correlated significantlywith total T4 and TBG concentrations (P <0.001). TBG and total T4 dependence in the tracer method was attributable to small overestimations of the free fraction of T4. Similar overestimations multiplied by increasing total T4 concentrations resulted in greater errors. Relative to results for normal sera, the tracer method overestimated free T4 when total T4 was increased and underestimated free T4 when total T4 was decreased.
later modified by Sterling and Brenner (5) and others (6, 7), has recently been reported by Csako et al. (1,2) to produce free T4 estimates that vary directly with TBG concentration.
Because tracer dialysis was the method used to determine free T4 in most of the initial (and often-cited) studies of free T4 status in conditions characterized by changes in the concentration of TBG, including pregnancy (4) (5) (6) (7) , it is important to confirm or exclude TBG dependence in this method. Here we assessed the influence of systematic changes in TBG concentration on free T4 estimates obtained with a second tracer dialysis method, different from the method used by Csako et al. (1, 2) . We compared for the same sera the results of this second method with those obtained with a direct dialysis method previously reported to give free T4 values that are independent of TBG concentration (3,8,9). Sara from pregnancy, TBG deficiency, the hypothyroxinemia of nonthyroidal illness, and normal controls were analyzed by both dialysis methods.
The data again show an apparent TBG dependence in tracer dialysis estimates of free T4, confirming the studies of Csako et al. (1, 2) . This TBG dependence was attributable to the effect of small amounts of a radioactive contaminant in the [msIIT4 used to determine the free fraction of T4 (free/total ratio), which resulted in an overestimation of this fraction.
Multiplying this overestimate by different total T4 concentrations produced smaller errors when total T4 was low and larger errors when total T4 was high. The consequence was direct total T4 dependence, and apparent TBG dependence, in the estimates produced for free T4.
Materials and Methods

Equilibrium Tracer Dialysis
The free fraction of [msl]T4 was determined by a modification of the method of Sterling and Brenner (5).
[1251]T4was purified by the dialysis method of Schussler and Plager (10) before use. We added 500 Ci of [msIJT4 to 3 mL of aqueous propylene glycol (500 milL) and 6 mL of 100 gIL human serum albumin reagent. We dialyzed this mixture against 2 L of phosphate buffer (per liter, 0.15 mol of Na3PO4, and 1 g of NaN3, pH 7.40 in distilled H20) overnight at 4#{176}C with constant stirring, using Spectrapor 2 dialysis tubing (Van Waters and Rogers, Los Angeles, CA). This purification was repeated before use in the assays. We diluted sera 10-fold with phosphate buffer containing -6 x 10 
Statistics
We compared differences between means by using the 
Results
Responses
of the tracer dialysis and direct dialysis free T4 methods to variations in the concentrations of TBG and TBG-bound T4 are shown in Figure 1 . The TBG test sera we used were prepared by progressive dilution of euthyroid serum from an individual with congenital TBG excess with a paired euthyroid serum from an individual with congenital TBG deficiency as the diluent to maintain normal concentrations of free T4, albumin, and prealbumin while producing wide variations in TBG and TBG-bound T4 concentrations. Tracer dialysis estimates of free T4 varied directly with TBG concentrations (P <0.001). These data confirm the report of Csako et al. (1,2) , who, using a different tracer dialysis method, observed a direct correlation between TBG concentrations and free T4 estimates in patients with nonthyroidal illnesses. There was no evidence of TBG or TBG-bound T4 dependence in data from the direct dialysis method, confirming previous studies with this method (3, 8, 9) .
The corresponding free fractions of T4 (free/total ratios) obtained with the same TBG test sera in both assays are shown in Figure 2 . The tracer method overestimated free fractions relative to the direct method, even though both methods used the same total T4 values. The effect of overestimations of free fractions on free T4 values is shown in Figure 3 . Here we arbitrarily increased by increments of 0.05 x iO-the observed free fractions calculated from the TBG-independent direct dialysis data and the recalculated free T4 values. The greater the free fraction used in this calculation, the greater the TBG and protein-bound T4 dependence of the data produced. Tracer methods require a determination of free fraction, which is multiplied by the total T4 concentration to calculate free T4 concentration. Direct dialysis determinations do not require a determination of the free fraction of T4 and do not use this calculation.
Free T4 estimates obtained with both dialysis methods in subjects with TBG deficiency (n = 11), subjects with hypothyroxinemia of nonthyroidal illness (n = 15), normal controls (n = 69), and women in the last two trimesters of pregnancy (n = 73) are shown in Figure 4 . The direct dialysis method, which was independent both TBG and protein-bound T4, produced free T4 valu (Figure 5 ). The present study analyzed the same sera by both methods and again demonstrated this discrepancy. When TBG test sera were analyzed by both methods, the magnitude of the method-to-method discrepancies varied directly with the concentrations of TBG and protein-bound T4 (Figure 1) . Tracer dialysis data were both TBG and protein-bound T4 dependent, confirming the reports of Czako et al. (1, 2) , whereas direct dialysis data were independent of TBG and protein-bound T4, as previously With these sera as controls, both Valuesoriginally reported in mass units were converted to SI unitsby the conversion factor 1 ng/dL= 12.87 pmoL/L.Studies with tracer methods that used PBIdeterminations and studies with direct methods that omitted total T4 data were not Included. #{149}, data from the present study; 0, data from the published studies cited methods demonstrated increased free T4 in the nonthyroidally ill patients. By tracer dialysis, free T4 was 11.4 ± 2.2 pmol/L in the TBG-deficient control subjects vs 23.8 ± 10.7 pmol/L in the nonthyroidally ill patients (P <0.01). The corresponding direct dialysis data were 16.2 ± 7.1 vs 24.2 ± 10.9 pmol/L (P = 0.05). These data are summarized in Table 1 . reported (3,8,9) . When the same clinical samples were analyzed by both methods, discrepancies between methods varied with the concentration of protein-bound T4 ( Figure 4 and Table 1 ). Discrepancies were insignificant when protein-bound T4 was low (TBG deficiency and the hypothyroxinemia of nonthyroidal illness), greatest when protein-bound T4 was high (pregnancy), and intermediate in normal sera. These discrepancies were attributable to relatively constant overestimations of the free fraction ofT4 in the tracer method, as compared with the direct method over a wide range of total T4 concentrations.
DIscussIon
Tracer methods determine free fractions by measuring radioactivity.
Direct methods determine free fractions by measuring T4. The observed discrepancies are probably the result of small amounts of radiochemical impurities contaminating the radiolabeled T4 in tracer dialysates.
If all the radioactivity in these dialysates is T4 radioactivity, then both methods should give the same results. However, radioiodinated T4 undergoes spontaneous photochemical deiodination in aqueous solutions, giving rise to contaminating radioiodide (32). Radioiodide contamination in tracer dialysates has long been recognized as a source of error (5, 33, 34), a problem that has never been convincingly eliminated except by chromatography (23). However, because chromatography is labor-intensive, it has not been used in clinical studies. All available clinical data for comparing tracer dialysis with direct dialysis come from tracer methods involving T4 precipitation to reduce the radioiodide contamination in dialysates (5-7, 10, 11, 14-24,  35-39) , rather than the use of chromatography to eliminate the contamination.
Previous data, together with our data, are consistent with residual radioiodide contamination in these tracer methods, and no credible alternative explanation for the observed discrepancies between tracer dialysis (5-7, 10, 11, 14-24,35-39) and direct dialysis (8, 14, (25) (26) (27) (28) (29) (30) has been proposed. be of interest to have data quantifring the exact amount of radioiodide that contaminates precipitates of dialy. sate T4 after the addition of stable T4 plus MgC12, or oi serum proteins plus trichloroacetic acid, or of anti-T4 plus second antibody, but such data are not available.
Irrespective of the mechanism, however, the importance of small overestimations of free fractions ofT4 in indirect free T4 methods is evident in the present data (Figures 3 and 4) . Because these overestimates are a variable multiple, not a fixed multiple, of the true free fraction (Figure 2) , they account for the relative overestimates of free T4 concentration when protein-bound T4 is above normal and relative underestimates when protein-bound T4 is below normal, and account for the higher free T4 values in normal sera. If the tracer dialysis data are accepted, we can conclude that free T4 concentrations during the latter part of pregnancy are similar to those in nonpregnant control subjects, in agreement with most other studies involving tracer dialysis (6, 16,21, 35-38). There has been variability, however, in tracer dialysis results, with a minority ol studies reporting either increased free T4 (24, 39) or decreased (5) free T4 in pregnancy. The direct dialysis data indicate that free T4 is decreased during the latter part of pregnancy, in agreement with other studies with direct dialysis (26,27,40,41) .
The observed differences between tracer dialysis and direct dialysis can now be attributed to variable unrecognized protein-bound T4 dependence in tracer dialysis results. In agreement with direct dialysis data, estimates of free T4 during the second and third trimesters of pregnancy calculated from the Law of Mass Action (42) (43) (44) (45) ) and the T/1'BG ratio (42, (46) (47) (48) (49) (50) (51) indicate a decline in free T4. One-step and two-step immunoassays of free T4 also give decreased estimates of free T4 during the latter trimesters (44, 47, (50) (51) (52) (53) (54) , though the validity of these methods is open to question (55) (56) (57) .
Both dialysis methods gave similar absolute values for free T4 in the hypothyroxinemia of nonthyroi illness, yet the conclusions one could reach by us these two methods were opposite because of the differ ence in values obtained in the normal controls (no sera with normal T4 concentrations).
Using tracer dial ysis data, one could conclude that free T4 concentratio were decreased; using direct dialysis data, one coul conclude that free T4 concentrations were increased When sera from congenital TBG deficiency (normal se with low total T4 concentrations) were used as th controls for the hypothyroxinemia of nonthyroidal ill ness (patients' sera with low total T4 levels), thereb correcting for the total T4 dependence in the trace method, the free T4 was increased by both meth (Figure 4 and Table 1 ). Previous tracer dialysis studi of free T4 status in the sick with low total T4 levels hay rarely (17) included low-P4 controls to detect or co for protein-bound T4 dependence. Patients with nonth roidal illness and hypothyroxinemia are a heterog neous group, and the 15 patients in the present stud who came from medical intensive-care units, may not representative of patients with nonthyroidal illn from other health-care units. Direct dialysis gives normal free T4 concentrations in many patients with nonthyroidal illness (8). In the present study we used both dialysis methods to analyze the same sara, using the same semipermeable membranes, the same dialysis temperature and timing, and the same buffer pH. Both methods have been regarded as valid, but the results we obtained with them were strikingly different. These data highlight the importance of systematic studies of the influence of protein-bound T4 on free P4 assay results before results obtained by these methods are used to assess free T4 status in conditions where T4 binding by serum proteins is altered.
